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 Abstract 
 
Synthesis of Nano-sized Urchin Shaped LiFePO4 for Lithium Ion Batteries 
 
We present the synthesis of the nano-sized urchin shaped LiFePO4 by a thermal decomposition 
method of metal-surfactant complexes. The morphology of LiFePO4 particles could be controlled by 
the injection of oleylamine with other surfactants and phosphoric acid. The injection of oleylamine 
and/or phosphoric acid was a key issue to control the morphology of LiFePO4 particles, which 
definitely changed the morphology from nano sphere to different types of the urchin shaped 
nanoparticles. The lengths of urchin shaped LiFePO4 particles were varied ranging from 300 nm to 2 
µm and a lot of thin nano-rods attached from the urchin shaped nanoparticles ranging from 5 nm to 20 
nm. These hierarchical nanostructures of the urchin shaped LiFePO4 particles could not only improve 
low tap density problems, but the nano-rods below 20 nm from the edge of the urchin shaped 
nanoparticles also enhance electron transport pathway. 
 
Thermally Cross-linkable Diamino-PEG Additive with PAA Polymeric Binder for Stable 
Cyclability of Silicon Nanoparticles based Negative Electrodes in Lithium Ion Batteries 
 
Silicon has received substantial interest due to extremely high theoretical specific capacity of 3579 
mAh g
-1
 for Li15Si4 as 280% volumetric expansion. But during lithium ion insertion and extraction 
into silicon particles volume expansion and contraction are inevitably occurred. After long cycling 
retention, a mechanical instability arisen from cracking and pulverization of silicon particles results in 
loss of electrical contacts in silicon composite negative electrodes. Here, we developed a new type of 
additive with poly(acrylic acid) (PAA) for stable cycling retention of silicon anodes. Diamino Poly 
Ethylene Glycol (diamino-PEG), 4-7-10-trioxa-1, 13-tridecanediamine, is used as a thermally curable 
additive with PAA polymeric binder for silicon nanoparticles based negative electrodes. Amino 
groups of the diamino-PEG form amide bonds with carboxylic acid groups of PAA binder, which 
gives strong binding force even in high humidity condition. The highly cross linked amide bonds 
between diamino-PEG and PAA binder in silicon nanoparticles based negative electrodes contributes 
to reduce electrical contact loss of silicon particles during electrochemical reaction and supports stable 
cycling performances, also enhances specific capacity compared to the silicon anode PAA binder only 
used.   
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CHAPTER I 
 
Synthesis of Nano-sized Urchin Shaped LiFePO4 for Lithium Ion Batteries 
 
1. Introduction 
 
Nano-structured materials for lithium ion batteries recently have attractive attention. Nanostructure or 
nanoparticle of active materials is a critical component in high power density such as plug in electric 
vehicles (PHEVs) and full electric vehicles (FEVs), energy storage system (ESS). 
Lithium iron phosphate (LiFePO4) with its olivine structure was first studied by Padhi et. Al. and has 
attracted extensive interest as a potential cathode material for LIBs because of its numerous appealing 
features, such as a high theoretical capacity (170 mAh g
-1
), high safety, environmental benignity, and 
low cost. 
LiFePO4 is composed of the eco-friendly Fe and PO4, and especially the PO4 tetrahedra of LiFePO4 
are superior to thermal stability because of strong covalent bonding with oxygen. But the continuous 
structures of the FeO6 octahedra are separated by the PO4 tetrahedra which induce low electro-
conductivity and lithium ion diffusion coefficient of LiFePO4. 
The low electronic conductivity of LiFePO4 can be improved with carbon coating on the surface and 
intrinsic ionic conductivity can be innovatively enhanced by nano-sizing of the LiFePO4 particles 
which reduces the lithium ion diffusion path length. But the nano-sized cathode materials have a large 
surface to volume ratio which enhances the contact between electrolyte and the electrodes and results 
in rapid reaction kinetics and side reaction. Also, the nano-sizing strategy of LiFePO4 particles is very 
effective to facilitate high rate capability and power performance, but the low tap density and 
volumetric energy density problems are inevitable.  
Dennis Desheng Meng synthesized nanodendrite structure of LiFePO4 controlled by ethylene 
glycol/water ratio with dodecyl benzene sulphonic acid sodium (SDBS) in a hydrothermal condition. 
But the synthesized nanodendrite structures of LiFePO4 particles were sized much bigger than 10 µm 
with non-uniform particles. The individual nanodendrites particles of the structure were not formed 
distinctively.  
John B. Goodenough group introduced three dimensional porous microsphere of LiFePO4 composed 
of the nano-plates or nanoparticles which have a stable structure and high tap density and volumetric 
energy density with outstanding rate capability. 
We introduced a thermal decomposition method of metal-surfactant complexes to synthesize highly 
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uniform nano-sized LiFePO4 with hierarchical structures. The size of the individual nano-facets from 
the urchin shaped LiFePO4 particles were ranged from 5 nm to 10 nm within the extremely smallest 
size of LiFePO4 nanoparticles ever synthesized before. The total structure of nano-sized urchin shaped 
LiFePO4 were assembled with nanoparticles (the nano-rod shaped facets). About 10 nm sizes below 
of the nano-rods with the micron sized particles of the active materials can be expected to enhance 
low tap density and volumetric energy density. The heating up method of the general nanoparticle 
synthesis were presented to synthesize the hierarchical structure of the nano-sized LiFePO4 particles 
with low nucleation and aging temperature, the particles have a high crystallinity. 
 
2. Experiment  
 
2.1. Synthesis of nano-sized urchin shaped LiFePO4 
 
Nano sized urchin shaped LiFePO4 was prepared according to two steps of the injection method:  
Synthesis was carried out under an argon atmosphere using standard Schlenk line techniques. First, 
Lithium carbonate (1.5 mmol, Li2CO3), Iron(III)-acetylacetonate (1.5 mmol, Fe(C5H7O2)3), were used 
as starting materials, oleylamine (11.5 mmol), 10 mL tetraethlyeneglycol (TEG)  were used as a 
surfactant and solvent respectively in a three neck flask equipped with condenser, magnetic stirrer, 
thermocouple and heating mantle. The first mixture solution was degassed at room temperature for 
5~10 min. The solution was then heated to 200 °C at the rate of 5 °C/min (35 min) with vigorous 
magnetic stirring. The reaction mixture was maintained at this temperature for 1 hr. At the end of the 
maintained temperature for 1 hr, phosphoric acid (1.5 mmol, H3PO4) and oleic acid (2 mmol) were 
injected to the mixture. The temperature was then heated from 200 °C to 260 °C at the rate of 
5 °C/min (12 min). After maintaining the same temperature for 1.5 hr, the reaction was completed. 
The solution was cooled down to room temperature, and then acetone and hexane was added to the 
solution. The solution was then centrifuged at 3000 rpm for 5 minutes to precipitate the particles. The 
separated precipitate was washed again using acetone and hexane.  
 
2.2 Characterization 
 
The phase of the products were characterized by X-ray diffraction (XRD) employing a scan rate of 2 
ºC min
-1
 in the 2Ɵ range from 10° to 80° X-ray powder diffractometer (Rigaku, Japan) with Cu-Ka 
radiation (ƛ  = 1.540561 Å ), operating at 40 kV and 300 mA. The scanning electron microscopy 
(SEM) images were taken with an S-4800 field emission scanning electron microscope (15 kV, 
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Hitachi, Japan). High-resolution transmission electron microscopy (HRTEM) images were taken with 
a JEOL JEM-2100 electron microscope with an acceleration voltage of 200 kV.  
 
2.3 Electrochemical measurements 
 
A composite electrode used for electrochemical measurements was prepared as follows: 15 wt.% of 
poly(vinylidene fluoride) (PVdF) was firstly dissolved in 10% N-methylpyrrolidone (NMP), then a 
mixture containing 70 wt.% of LiFePO4, 15 wt.% of Super P carbon were added into the solution, the 
suspension was deformed for 15 min and then mixed 15 min two times. After that, the slurry was 
coated onto an Al foil and dried at 80 °C for 12 h in vacuum. The area density of the active material 
was around 1.77 mg cm
-2
. Lithium metal was used as a anode. A Celgard 2502 membrane was used as 
a separator. The electrolyte was composed of 1.3M LiPF6 solution in ethylene carbonate (EC)/ ethyl 
carbonate (EMC)/ dimethyl carbonate (DMC) (3: 4: 3 by volume). The CR2016 coin type cells were 
assembled in an argon-filled glove box. Charge–discharge performances of the CR2016 coin cells 
were evaluated at 2.5–4.0 V with a Wonatech 3.1 battery test system (Wonatech Corp., Korea). 
 
3. Results & Discussion  
 
The various morphologies of the nano sized LiFePO4 were synthesized by a thermal decomposition 
method of metal-surfactant complexes. In Table 1 main synthesis methods can be seen and oleylamine, 
oleic acid, octadecylamine were used as a surfactant with Lithium carbonate and Iron (III)-acetyl 
acetonate, phosphoric acid. There are two main control factors to determine the morphology of the 
particles. First, the injection point of the phosphoric acid at the end of 1
st
 aging at 200 ºC was very 
critical to form the nano spherical or urchin shaped LiFePO4 particles. Second, the kind of surfactants 
and amount of surfactant used can control the morphology of the urchin shaped LiFePO4 from Nano-
sized Urchin shaped LiFePO4 particles (NU-LFP) to Circular Nano-sized Urchin shaped LiFePO4 
particles (CNU-LFP).  
5~10 nm sized spherical LiFePO4 nanoparticles (NS-LFP) were exclusively synthesized in a uniform 
size distribution. Metal precursors, oleylamine and oleic acid were mixed in round bottom flask with 
mild stirring at inert atmosphere. The solution was heated up to 260 °C, and then aged for 1 hr at the 
same temperature. Fig. 1a shows the TEM images for the NS-LFP. As shown in Fig. 1a, NS-LFP has 
nearly spherical shaped nanoparticles with diameters of 5~10 nm, which also has a uniform 
nanoparticle size distribution. But unfortunately, during the several trials of the reappearance 
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experiments the constituents of NS-LFP were composed of mainly Li3PO4, and LiFePO4 characterized 
by high power XRD (Rigaku, Japan). It is considered that after thermal decomposition of the metal 
precursors in the synthesis of NS-LFP, relatively small and light weight of Li
+
 ions of lithium 
carbonate could react with PO4
3-
 ions of phosphoric acid which had a strong binding force between 
them, and then stable Li3PO4 molecules were preferentially formed, and then Fe
3+
 ions of Iron (III)-
acetyl acetonate dissolved slowly to react with Li
+
 and PO4
3-
 ions after the formation of Li3PO4.  
Nano-sized Urchin shaped LiFePO4 particles (NU-LFP) were synthesized by applying a modified hot 
injection method. During heating up to 260 ºC, nucleation temperature of NS-LFP, the spherical black 
chunks were accumulated until reaching to the melting temperature of Iron (III)-acetyl acetonate at 
around 180~186 ºC. We set the two different aging temperatures, the 1
st
 aging time at 200 ºC and the 
2
nd
 aging time at 260 ºC. During the 1
st
 aging time at 200 ºC the hydrophilic property of metal 
precursors with a solvent and hydrophobic property of surfactants were homogeneously dissolved 
with dark brown solution. At the end of the 1
st
 aging time, phosphoric acid (H3PO4) and oleylamine 
were injected because H3PO4 has a strong binding force to react with the heterogeneous solution 
before the completion of the homogeneous solution at the 1
st
 aging time at 200 ºC. After the injection 
of H3PO4 with oleylamine the solution was aged for 1.5 hr at 260 ºC. Fig. 1b Nano-sized Urchin 
shaped LiFePO4 particles (NU-LFP) show the TEM images of NU-LFP which has 5~10 nm facets 
from the urchin shaped particles with a diameter of ~600 nm. The shortest facet lengths of LiFePO4 
are looking forward to enhance Li
+
 ion diffusivities.  
Oleylamine and oleic acid were mixed with metal precursors with a solvent in advance at room 
temperature, and after the injection H3PO4 only at the end of 1
st
 aging time at 200 ºC, Discrete Nano-
sized Urchin shaped LiFePO4 particles (DNU-LFP) was synthesized. The TEM images of DNU-LFP 
in Fig. 1c clearly show the discrete urchin shaped particles respectively without aggregation of the 
individual particles; it has 10~20 nm of facets and a diameter of ~1.5 µm. 
By adding octadecylamine to the synthesis procedure of DNU-LFP with an extended 2
nd
 aging time 
from 1 hr to 3 hr, Circular Nano-sized Urchin shaped LiFePO4 particles (CNU-LFP) were synthesized. 
As shown in Fig. 1d CNU-LFP has complete circular urchin shaped particles with 10~20 nm of facets 
and a diameter of ~2 µm.  
Fig. 3a and b, c show the SEM and HRTEMS images for NU-LFP. As shown in Fig. 3c, the highly 
crystallized lattices of NU-LFP in 5 nm of facets and Fast Fourier Transform (FFT) images were 
distinctively identified. 
Fig. 4a~f show the TEM images of the formation and growth of DNU-LFP in the sample aliquots 
obtained from the solution at the 2
nd
 aging time at 260 ºC which give the specific information how to 
form DNU-LFP. At the 2
nd
 aging time at 260 ºC the nucleation of DNU-LFP occurred by the thermal 
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decomposition of metal precursors and then the metal-surfactants complexes began to promote the 
aggregated starting materials.  In Fig. 4a aggregated nanoparticles were identified, and the assembled 
nanoparticles were commenced to accumulate the urchin shaped particles with a base form shown in 
Fig. 4b. When the 2
nd
 aging time for 1.5 hr passed, the basic urchin shaped particles were formed with 
extremely thin facet of the particles. In Fig. 4d the particles gradually developed discrete nano-sized 
urchin shaped LiFePO4, and 10~20 nm of facets from DNU-LFP were shown in Fig. e and f.  
In the growth mechanism of nano-sized urchin shaped LiFePO4 the aggregated nanoparticle 
complexes after the nucleation of LiFePO4 grew into the nano-rod shaped particles, and then the 
hydrophobic carbon chain polymers from the surfactants on the surface of the individual nano-rod 
particles could induce the strong electrostatic interaction among them. The assembled nano-rod 
particles finally built the nano-sized urchin shaped particles. As aging time goes by, nano-sized facets 
and a diameter of the particles were getting thicker with a high crystallinity. 
To synthesize nano-sized urchin shaped LiFePO4 particles the surfactants were used, and the 
polymers from the surfactants still existed on the surfaces of the particles. For the fabrication of 
LiFePO4 cathode electrode with the use of nano-sized urchin shaped LiFePO4 particles as active 
materials, the functionalized polymers from the surfactants needed to be removed because the 
polymers on the surface of the particles could trap and consume Li
+
 ions during electrochemical 
reaction in half cell test. 
To solve this problem Annealing at 350 ºC for 3 hr with 4% H2 & Ar atmosphere was applied to 
trigger a complete combustion of the polymers on the surface of the active materials. Fig. 5a and b 
show TEM images of CNU-LFP and annealed CNU-LFP with the condition as mentioned above 
respectively. After the annealing of CNU-LFP the facets of the particles were slightly increased from 
10 nm to 20 nm. 
3.1. Electrochemical performance of CNU-LFP  
 
CNU-LFP before/after the annealing the particle were used as active materials to conform the 
electrochemical performance. The 70 wt% of active materials, 15 wt% super P, 15 wt% of PVdF 
(Polyvinylidene fluoride) binder were used to fabricate CNU LFP cathode electrodes, and then the 
CR2016 half coin type cells were assembled with a lithium metal as an anode and electrolyte 
(EC:EMC:DMC, 3:4:3 wt%) in an Ar filled glove box. The coin cells were evaluated at 2.5~4.0 V, 
1/20 Crate. 
In Fig. 6 the charge-discharge cell test results of bare CNU-LFP used as an active materials show 
rapid capacity fading with cycling progress. As we mentioned above it could consider that the 
functionalized polymers on the surface of bare CNU-LFP blocked b plane (010) of 1 dimensional Li
+
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ion transport pathway which cause Li
+
 ion trapping and transport disruptions, and it could finally be 
the main factors inducing rapid capacity fading of pristine CNU-LFP cathode electrode cells.  
In Fig. 7 the charge-discharge cell test results of the annealed CNU-LFP show an improved cycling 
retention compared with pristine CNU-LFP. The specific capacity of annealed CNU-LFP at the 10
th
 
cycles was 90mAhg
-1
, it was the improved specific capacity (the specific capacity of bare CNU-LFP 
was 78mAhg
-1
 at the 10
th
 cycles). In this case we enhanced the capacity fading by a simple annealing 
step.  
Without carbon coating on the surface of LiFePO4 particles the specific capacity of the annealed 
CNU-LFP relatively didn’t have high specific capacity enough compared with noncarbonated 
commercialized micron-sized LiFePO4. It needs the modification of surface defects and carbon 
coating on the surface of nano-sized urchin shaped LiFePO4 particles to improve stable cycle retention 
and electronic conductivity. 
 
4. Conclusion 
 
Thermal decomposition method of metal-surfactant complexes was introduced to synthesize nano-
sized urchin shaped LiFePO4 particles. The morphology of spherical LiFePO4 nanoparticles and nano-
sized urchin shaped LiFePO4 can be controlled by the injection of H3PO4 / surfactant, and the variety 
and quantity used of surfactants. 5~20 nm facets of urchin shaped LiFePO4 particles can reduce 
lithium ion transport pathway to enhance ionic conductivity. The hierarchical structure of nano-sized 
urchin shaped LiFePO4 particles can improve low tap density and volumetric energy density. By 
applying the annealing to CNU-LFP the rapid capacity was slightly improved, but modification of 
surface defects and carbon coating on the surface of nano-sized urchin shaped LiFePO4 particles are 
strongly needed to improve stable cycle retention and high electronic conductivity. 
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Figure 1. XRD characterization of Nano-sized Urchin shaped LiFePO4 particles (NU-LFP). 
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Scheme 1. Illustration of the synthesis process for nano-sized LFePO4. 
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Table 1. Synthesis procedure of Nano Sphere shaped LiFePO4 particles (NS-LFP), Nano Urchin 
shaped LiFePO4 (NU-LFP), Discrete Nano Urchin shaped LiFePO4 particles (DNU-LFP), and 
Circular Nano Urchin shaped LiFePO4 particles (CNU-LFP). 
 
Sample 
 
1
st
 aging (hr) 
(200 °C) 
2
nd
 aging (hr) 
(260 °C) 
Surfactant (mmol) 
Injection at the end of 1
st
 
aging 
 
NS-LFP 
 
- 1 
Oleylamine ( 11.5 ), 
 Oleic acid ( 2 ) 
- 
 
 NU-LFP 
 
1 1.5 
Injection of Oleylamine 
& H3PO4 
 
 DNU-LFP 
 
1.5 1 Injection of H3PO4 only  
 
CNU-LFP 
 
1.5 3 
Oleylamine ( 10.12 ),  
Oleic acid ( 2 ),  
Octadecylamine ( 1.38 )  
Injection of H3PO4 only 
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Figure 2. TEM images of (a) NS-LFP, NU-LFP, oleylamine & H3PO4 was injected at the end of the 
1
st
 aging at 200 ºC, (c) DNU-LFP, H3PO4 injected only at the end of the 1
st
 aging at 200 ºC (d) CNU-
LFP, 1.38 mmol of octadecylamine & 10.12 mmol of oleylamine  are mixed with metal precursors, 
and H3PO4 was injected only at the end of the 1
st
 aging at 200 ºC and then aged for 3 hr at 260 ºC. 
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Figure 3. FE-SEM image of (a) NU-LFP, HRTEM images of (b), (c) the NU-LFP, and Fast Fourier 
Transform (FFT) image of (d) NU-LFP. 
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Figure 4. TEM images of DNU-LFP in the sample aliquots drawn from the solution at 260 ºC being 
aged for 30 min (a), 40 min (b), 50 min (c), 1.5 hr (d), 2 hr (e), and (f). 
17 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. TEM images of (a) CNU-LFP, and (b) the annealed CNU-LFP (Annealing at 350 ºC for 3 hr 
with 4% H2 & Ar atmosphere 
18 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Cell test of CNU-LFP (cycling between 2.5 and 4.0 V (vs. Li/Li
+
) at 0.05 C) 
19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Cell test of the annealed CNU-LFP (Annealed at 350 °C for 3 hr with 4% H2 & Ar 
atmosphere, cycling between 2.5 and 4.0 V (vs. Li/Li
+
) at 0.05 C) 
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CHAPTER II  
 
Thermally Cross-linkable Diamino-PEG Additive with PAA Polymeric Binder for 
Stable Cyclability of Silicon Nanoparticles based Negative Electrodes in Lithium Ion 
Batteries 
 
1. Introduction 
 
Silicon (Si) has received substantial interests due to an extremely high theoretical specific capacity of 
3579 mAh g
-1
 for Li15Si4 as 280% volumetric expansion. But during lithium ion insertion and 
extraction into Si particles the volume expansion and contraction are inevitably occurred. After long 
cycling retention, a mechanical instability arisen from cracking and pulverization of Si particles 
results in loss of electrical contacts in Si composite negative electrodes.  
Continuous contraction and expansion of Si particle are able to be pulverized after long cycle 
retention. To minimize the extreme contraction and expansion of Si particles during charging and 
discharging Si anodes researcher’s unremitting exertions are being in progress. Using Si nanoparticles 
below 150 nm were innovative study to reduce pulverization of Si particles during the alloying 
reaction. But getting an excessive SEI film formation and the loss of electrical contacts among Si 
nanoparticles in electrodes are unavoidable. In order to solve these problems a variety of nano-
structured Si electrodes, carbon coated void space types of Si anodes were introduced. These 
structural approaches for Si anodes were still complicated to use in mass production. Another 
approach is improving binders for Si anodes. Although alginic acid based binder presented great 
opportunity to be used in Si anodes, there were unstable possibility to cause the decomposition of 
carbonate based electrolytes. Thermally cured PAA-CMC polymeric binder greatly improved cycle 
retention than PAA binder in Si negative electrodes. The condensation reaction (dehydration) of PAA 
and CMC which resulted in a highly cross linked polymeric binder was so simple. To maximize the 
functions of polymeric binder for Si anodes a properly tailored electronic structured binder was 
introduced. For the tailored electronic structure carbonyl C=O groups were functionalized in the 
binder and methyl benzoic ester –PhCOOCH3 (MB) groups were functionalized to enhance the 
binder’s adhesion to Si particles. Recently mussel inspired adhesive binders were introduced. The 
catechol groups of dopamine conjugated alginate polymeric binders were presented strong adhesion 
properties. These polymeric binders with improved adhesive strengths focused on preventing the 
electrical contact loss in Si anodes during charging and discharging. Herein, we presented the simplest 
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way to avert Si particles loss in the electrodes during electrochemical reaction by introducing thermal 
cross-linkable additive to form a highly cross linked polymeric binder in Si negative electrodes. The 
thermally cross-linked PAA and an additive, diamino-PEG; 4, 7, 10-trioxa-1, 13-tridecanediamine, 
successfully improved specific capacity and stable cycle retention in Si anodes.   
  
2. Experiment  
 
2.1. Fabrication of c-CLR-PAA Si anode and electrochemical measurements 
 
Si nanoparticles (≤ 100 nm) and Poly (acrylic acid) (PAA) (Mw of 250,000), Diamino-Poly(Ethylene 
Glycol) (Diamino-PEG; 4, 7, 10-trioxa-1, 13-tridecanediamine (97%)) were purchased from Sigma-
Aldrich. The electrolyte was consisted of 1.3 M LiPF6 salt in a solution of ethylene carbonate (EC) 
and diethyl carbonate (DEC) (3:7, v/v), 3 wt% fluoroethylene carbonate (FEC, Soulbrain CO. Ltd.). A 
Celgard 2502 membrane was used as a separator. To fabricate c-CLR-PAA (cross-linked Cross 
Linking Reagent (1mol% diamino-PEG) and PAA) of Si anodes, First Si active materials and Super 
PAA polymeric binder were mixed in a 6: 2: 2 weight ratio by thinky mixer. After the mixing 1 mol% 
diamino-PEG was drop wised carefully, and then the slurry solution was mixed again.  
 
2.2 Characterization 
 
Galvanostatic cycling test was performed from 0.0 to 2.5 V vs. Li/Li
+
 with a 2016 coin half cell type 
by Wonatech 3000 battery measurement tester. For an impedance test the evaluated frequency range 
was from 50 kHz to 100 mHz under ac stimulus with 10 mV of amplitude and no applied voltage bias. 
The scanning electron microscopy (SEM) images were taken with an S- 4800 field emission scanning 
electron microscope (15 kV, Hitachi, Japan). FT-IR spectra were investigated by Fourier transform 
infrared (FT-IR) (Varian).  
 
3. Results & Discussion  
 
Carboxylic groups of PAA polymeric binder for Si anodes form thermal cross-linked anhydride 
structure themselves by dehydration reaction at high temperature, it contributes suppressing the 
volume expansion of Si particles during charging/discharging, and the carboxylic groups of PAA also 
form Si-O link (covalent ester bond) with Si-OH groups on the surface of Si particles which leads to 
partial adhesion between polymeric binders and Si particles. We present a simple methodology to 
22 
 
introduce a new additive to form a highly cross-linked polymer between PAA and the additive, 
diamino-PEG (4, 7, 10-trioxa-1, 13-tridecanediamine). The new additive in the form of diamino-PEG 
is very effective approach to build amide bonds between the carboxylic acid groups of PAA and 
amino groups of diamino-PEG at high temperature (150 °C) for 4 hr. We investigated FT-IR spectra 
to detect the formation of amide bonds in the specimen composed of reagents only (40 mg PAA, 
excessive5 mol% diamino-PEG; due to effective detection by FT-IR) which were thermally cured at 
vacuum oven condition at 150 °C for 4 hr. In Figure 8 Carboxylic acid groups and OH groups of PAA 
were originally detected at 1715 cm
-1
 with strong single peak and 2400~3200 cm
-1
 with broad peak 
respectively. After thermal curing between PAA and diamino-PEG at 150 °C for 4 hr with vacuum 
condition, the new weak peaks were formed at 1590 and 1690~1700 cm
-1
 in accordance with amide 
bond. The different broad peak was also confirmed at 3100~3400 cm
-1
, this new broad peak was 
slightly weak and differently positioned to be compared with OH groups of PAA. A new weak peak 
was also detected at 1620 cm
-1
 in accordance with primary amines which came from residual 
diamino-PEG; the excessive 5 mol% diamino-PEG remained after thermal curing. We experimentally 
found out the ultimate amount of diamino-PEG used was 1 mol% diamino-PEG with 40 mg PAA on 
the basis of materials’ mixing ratio (active material: Super P: Binder = 6: 2: 2 weight ratio) to 
fabricate Si negative electrodes.  
In Figure 9 Initial Coulombic Efficiency (ICE) of highly cross-linked Cross Linking Reagent 
(diamino-PEG) and PAA (c-CLR-PAA) in Si anodes was 82.5%, it was relatively higher than PAA 
only used in Si anodes (78.7%). Initial charge capacity were 3345 mAh g
-1
 of c-CLR-PAA polymeric 
binders used Si anodes, and 3141 mAh g
-1
 of PAA polymeric binder only used Si anodes respectively. 
According to these results we confirmed c-CLR-PAA used Si anodes not only enhance ICE, but it also 
contributes achieving a high capacity. c-CLR-PAA innovatively formed stable Si anode composites 
and contributed to control volume expansions. First lithiation/delithiation were 3141 mAh g
-1
 and 
2473 mAh g
-1
 of PAA only used Si anodes, and 3345 mAh g
-1
 and 2760 mAh g
-1
 of c-CLR-PAA used 
in Si anodes. 
In order to identify the formation of stable Si anode composites we took a long cycle retention test 
over 100
th
 cycles. In Figure 10 c-CLR-PAA used Si anodes showed superior capacities over 2500 
mAh g
-1
 after 7
th
 cycles and it kept until 35
th
 cycles. And then gradual capacity fading was 
commenced from 36
th
 cycles. On the other hand PAA only used Si anodes showed typical cycle 
retention results. c-CLR-PAA used Si anodes had higher Coulombic Efficiency (CE) of 98.78% than 
PAA only used Si anodes of 97.06%. These results verified that a highly cross linked polymeric 
network was developed by diamino-PEG with PAA at thermal curing condition. It helped form rigid 
properties to control volume expansion of and finally minimize electrical contact loss in Si anodes. 
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Figure 12 shows rate performances of c-CLR-PAA and PAA only used Si anodes individually. In case 
of PAA only used Si anodes it showed rapid capacity fading until 4
th
 cycles at 0.5 C-rate, and had 
relatively stable delithiation capacity until 3 C-rate. At high rate condition of 5 C-rate PAA binder 
used electrodes showed rapid capacity fading and at continuous low rate condition of 0.1 C-rate it 
exhibited a low delithiation capacity over 1600 mAh g
-1
 much lower than the capacity at 0.5 C-rate. 
From 0.5 C-rate to 5 C-rate c-CLR-PAA used electrodes had slightly gradual capacity fading in a row. 
And it showed high delithiation capacity over 2600 mAh g
-1
 at 0.1 C-rate. These results explained that 
c-CLR-PAA used Si anodes still had the stable composites even at the high rate performances.  
In Figure 13 Scanning Electron Microscope (SEM) images showed before and after 100
th
 cycles of 
PAA and c-CLR-PAA in Si anodes. Figure 13(a), (d) showed before cycle test of PAA and c-CLR-
PAA for Si anodes respectively. After 100
th
 cycle retention test PAA only used electrodes ((b), (c)) had 
a lot of cracks on all over the surfaces, but in contrast c-CLR-PAA used electrodes ((e), (f)) had small 
amount of cracks on the surfaces. The Si anodes’ condition was checked by SEM images as positive 
proof which absolutely explained the roles of c-CLR-PAA in Si anodes. A highly cross-linked 
polymeric binder by diamino-PEG with PAA after thermal curing effectively reduced volume 
expansion and loss of electrical contacts in Si anodes.  
In Figure 14 impedance test showed c-CLR-PAA in Si anodes had high initial resistance until 30
th
 
cycles, but PAA used in Si anodes showed stable resistance results before 30
th
 cycles. The high initial 
resistance results were inevitable for c-CLR-PAA in Si anodes because highly cross-linked polymeric 
binder gave the possibility of the interruptions of initial lithium ion migration.  
 
4. Conclusion 
 
In conclusion, we successfully introduced a thermal cross linkable additive with PAA in Si negative 
electrodes by forming amide bonds between carboxylic groups of PAA and amide groups of diamino-
PEG which induced a highly cross-linked polymeric binder in Si anodes. We investigated the amide 
bonds by FT-IR and checked the smallest cracks in the Si electrodes 1 mol% diamino-PEG used after 
100
th
 cycling by SEM images compared with the one PAA only used. 1 mol% diamino-PEG and PAA 
after thermal curing in Si anodes enhanced cycle retention with high specific capacities. We presented 
the simplest method to get high specific capacities and stable cycle retention by using small amount of 
cross-linkable reagent as an additive with PAA in Si anodes. And we checked excellent stable and 
high capacity at high C-rate (5 C-rate with a high reversible capacity of 2400 mAh g
-1
). 
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Figure 8. FT-IR spectra of thermally cured with PAA, c-CLR-PAA reagents at 150 ºC for 4 hr with 
vacuum condition. (5 mol% diamino-PEG was used to be detected)  
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Figure 9. Initial charge-discharge profiles of Si anode composites thermally cured with PAA, c-CLR-
PAA binder at 0.1 C-rate between 0.0 and 2.0 V versus Li/Li
+ 
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Figure 10 . Li extraction capacity versus cycle number for the silicon composite electrodes at a 
current density of 0.1 Crate  
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Figure 11. Coulombic efficiency versus cycle number for the Si anode composites at a current density 
of 0.1 Crate 
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Figure12. Li extraction capacity of Si anode composite with c-CLR –PAA (Blue dots) vs. PAA (Red 
dots) various high current densities at room temperature  
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Figure 13. SEM images of Si anode composites with thermally cured PAA, c-CLR-PAA polymeric 
binder. Si anode composites with PAA polymeric binder (a) before cycling, (b) and (c) after 100
th
 
cycles. Si anode composites with c-CLR-PAA cross linked polymeric binder (d) before cycling, (e) 
and (f) after 100
th
 cycles.    
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Figure 14. Cole-cole plots of the Si anode composites with (a) PAA polymeric binder, (b) c-CLR-
PAA cross-linked polymeric binder.  
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